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The ability to directly track the charge carrier in a battery as it
inserts/extracts from an electrode during charge/discharge provides unparalleled insight for researchers into the working
mechanism of the device. This crystallographic–electrochemical
information can be used to design new materials or modify
electrochemical conditions to improve battery performance
characteristics, such as lifetime. Critical to collecting operando
data used to obtain such information in situ while a battery
functions are X-ray and neutron diffractometers with sufficient
spatial and temporal resolution to capture complex and subtle
structural changes. The number of operando battery experiments has dramatically increased in recent years, particularly

1. Batteries and Energy Storage
Increasing worldwide need for energy is depleting our main
energy sources, including fossil fuels such as coal, petroleum,
and natural gas. Concurrently, the combustion of fossil fuels is
increasing harmful greenhouse gas emissions and other environmental pollutants. Renewable and sustainable energy is required to solve such problems. To enable renewable energy,
energy conversion and storage systems are essential to
smooth out the intermittent nature of generation. There are
a number of energy-conversion and storage systems (e.g., flywheels), but lithium-ion rechargeable batteries are proving to
be the dominant rechargeable battery system. This is because
of their high energy density, high power density, and higher
operating voltage compared with other rechargeable batteries,
such as lead–acid and widely used nickel–metal-hybrid batteries.
The major application that batteries and energy-storage devices find ubiquitous use in is portable electronics. Batteries
have enabled the further development of these and have thus
changed how we live, communicate, and access information in
the world today. Other applications of batteries include vehicles, aircraft, spacecraft, toothbrushes, and children’s toys.

2. Battery Types
The first-generation electrochemical cells were discovered by
Luigi Galvani in the 1790s and Alessandro Volta in the 1800s.
[a] Dr. N. Sharma
School of Chemistry, UNSW Australia
Sydney, NSW 2052 (Australia)
E-mail: neeraj.sharma@unsw.edu.au
[b] Dr. W. K. Pang, Dr. V. K. Peterson
Australian Nuclear Science and Technology Organisation
Locked Bag 2001, Kirrawee DC, NSW 2232 (Australia)

Mn2 O3ðsÞ þ ZnðNH3 Þ2 Cl2ðaqÞ þ H2 OðlÞ
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Galvani believed that animals could generate electricity, and
Volta showed that electricity could be produced from a “voltaic
pile”. Both theories involved two different metals, such as zinc,
silver, and copper.[1] In 1866, Georges-Lionel Leclanch¦ put forward his cell concept, in which the cell contained a zinc rod as
an anode, a manganese oxide–carbon mixture as the cathode,
and aqueous ammonium chloride as the electrolyte to form
a battery. Leclanch¦’s discovery promoted the development of
primary batteries commonly known as carbon–zinc and alkaline cells. At the same time, the first rechargeable battery, the
lead–acid battery, was invented by Gaston PlantÀ in 1859.
When battery evolution arrived in the twentieth century, several types of rechargeable batteries were discovered, including
the nickel–cadmium battery developed by the Swedish engineer Waldmar Jungner in 1901, the nickel–iron battery by
Thomas Edison in 1901, and the nickel–metal hydride (NiMH)
battery in 1975.
Today batteries have become an integral part of our lives,
and different battery chemistries are used for different applications. Batteries can be divided initially into two categories, primary and secondary batteries, that are one-time use and rechargeable batteries, respectively. Common chemistries for primary batteries include zinc–carbon, alkaline, and lithium batteries. The zinc–carbon battery is the least expensive battery
and often comes with consumer devices when batteries are included. A zinc–carbon battery is constructed with a zinc shell
that serves as the anode; a graphite rod that serves as the
cathode; and a moist mixture of ammonium chloride, zinc
chloride, and manganese dioxide. The half-reaction that occurs
on the anode when the battery delivers current is the oxidation of zinc: Zn(s)!Zn2 + (aq) + 2 e¢ . The half-reaction that occurs
simultaneously on the cathode is the reduction of ammonium
ions: 2 e¢ + 2 NH4 + (aq, moist paste)!2 NH3(g) + H2(g). The overall reaction in a zinc–carbon cell can be represented by Equation (1):
ZnðsÞ þ 2 MnO2ðsÞ þ 2 NH4 ClðaqÞ !

[c] Dr. W. K. Pang, Prof. Z. Guo
School of Mechanical, Materials, and Mechatronic Engineering
Institute for Superconducting & Electronic Materials
Faculty of Engineering, University of Wollongong
NSW 2522 (Australia)
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those involving neutron powder diffraction. Herein, the importance of structure–property relationships to understanding
battery function, why in situ experimentation is critical to this,
and the types of experiments and electrochemical cells required to obtain such information are described. For each battery type, selected research that showcases the power of
in situ and operando diffraction experiments to understand
battery function is highlighted and future opportunities for
such experiments are discussed. The intention is to encourage
researchers to use in situ and operando techniques and to provide a concise overview of this area of research.

ð1Þ

The alkaline battery is recognized to have several advantages over carbon–zinc-type batteries, such as higher energy density, superior service performance at all drain rates, superior
cold temperature performance, and lower internal resistance.
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In an alkaline battery, the negative electrode is zinc and the
positive electrode is manganese dioxide. An alkaline battery
produces electricity when the manganese dioxide cathode is
reduced and the zinc anode is oxidized. The reaction for
a simple alkaline cell is given by Equation (2):

oldest rechargeable battery systems. A lead–acid cell consists
of a lead anode and a lead dioxide cathode immersed in sulfuric acid. The total reaction occurring in these systems can be
written as Equation (3):

Zn þ 2 MnO2 þ H2 O ! ZnO þ 2 MnOOH

PbðsÞ þ PbO2ðsÞ þ 2 H2 SO4ðaqÞ ! 2 PbSO4ðsÞ þ 2 H2 OðlÞ

ð2Þ

Lithium batteries are disposable (primary) batteries that
have lithium metal or lithium-containing compounds as an
anode. The most common type of lithium cell uses metallic
lithium as the anode and manganese dioxide as the cathode,
with a lithium salt dissolved in an organic solvent. These lithium batteries are fire hazards when they are short-circuited due
to the growth of dendritic lithium or if they are somehow
damaged.
Secondary batteries were invented to be more cost-efficient
over the longer term. The lead–acid system is one of the

ð3Þ

which has a working voltage of 2 V. However, lead–acid batteries suffer from a low specific energy (33–42 W h kg¢1) and limited cycle life.
Compared with lead–acid batteries, nickel–cadmium batteries feature advantages such as long service life, high discharge
current, higher specific energy (40–60 W h kg¢1), and extreme
temperature operation. Nickel–cadmium batteries use nickel
oxide hydroxide and metallic cadmium as electrodes with an
alkaline electrolyte. Their reaction during operation can be
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written as Equation (4), and they produce a low voltage of
1.2 V:
2 NiOðOHÞ þ Cd þ 2 H2 O $ 2 NiðOHÞ2 þ CdðOHÞ2

ð4Þ

Due to environmental concerns, the nickel–cadmium battery
is being replaced with other chemistries for the cadmium-containing electrode. The NiMH battery is a practical replacement
for Ni¢Cd due to the higher specific energy (60–120 W h kg¢1;
three times the capacity of an equivalently sized Ni¢Cd
system) with fewer toxic metals. NiMH batteries use nickel oxyhydroxide as the positive electrode and hydrogen-absorbing
alloy as the negative electrode. The negative electrode reaction occurring in a NiMH cell is H2O + M + e¢$OH¢ + MH, in
which M refers to the alloy. On the positive electrode, nickel
oxyhydroxide is formed: Ni(OH)2 + OH¢$NiO(OH) + H2O + e¢ .
In the 1970s, the lithium-ion battery was developed due to
the expanding demand for electrical devices. These featured
a high energy density, no memory effect, and only a slow loss
of charge when not in use. Lithium-ion batteries typically use
an intercalated lithium compound as one electrode material. In
1980, Goodenough and co-workers discovered the family of
LixMO2 (M = Co, Ni, Mn) compounds as cathode materials,
which could be regarded as “lithium sources” to provide lithium ions to the negative intercalation electrode acting as a “lithium sink”.[2] The battery system concept in which lithium ions
can transfer between the two intercalation electrodes is called
the lithium rocking-chair battery. The concept was utilized for
the practical application of the graphite j j LiCoO2 cell by Sony
in 1991.[3] This new type of battery was renamed the lithiumion battery and had a strong impact on battery research, applications, and the user community all over the world due to its
high operating voltage. A comparison of different battery technologies in terms of volumetric and gravimetric energy density
is shown in Figure 1.

Figure 1. Comparison of different battery technologies in terms of volumetric and gravimetric energy density.[4]
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3. Exploring Structure–Property Relationships
Understanding the fundamental properties of materials and
their functionality at the atomic and molecular level is crucial
in paving the way for the future design of materials with improved performance characteristics. The structure–function relationship is at the heart of this understanding and involves
gaining information concerning the structure and its evolution,
ideally alongside electrochemical performance measurements.

3.1. Electrodes and their evolution
Depending on the battery type and requirements placed on
the battery performance, the crystal structures of electrode
materials are diverse. Crystal structures containing layers, such
as graphite and LiCoO2,[5] are common and during insertion/extraction reactions the cations can insert and are removed from
certain layers. These often feature 2D pathways for the charge
carriers. Examples also exist for species with 1D pathways,
such as olivine LiFePO4,[6] and 3D pathways, such as spinel
Li4Ti5O12 and LiMn2O4,[7] for the charge carriers. In terms of the
variety of compounds as electrodes, these range from semimetals to fluorophosphates and complex frameworks.[4, 8]
Electrodes are often engineered to optimize performance
parameters. Typical electrodes for lithium- and sodium-ion batteries contain a mixture of the active material, a binder to hold
the particles together and onto the current collector, and
a carbon-based conductive matrix to ensure conductivity between active material particles and the current collector.[9]
Although researchers are working on complex core–shell morphologies of the active materials[10] or composite electrodes[11]
and binder-free approaches,[12] constructing the electrode at
the macroscopic level plays a significant role in battery performance. Thus, incorporating macroscopic and atomic-level
detail from crystallographic studies in a holistic approach will
lead to better batteries.
What structural changes occur in an electrode during battery
function? If we take lithium-ion batteries with insertion electrodes as an example, positively charged lithium ions are extracted from the positive electrode and transferred via the electrolyte and inserted into the negative electrode during charging.
In conjunction with this is the need for the oxidation state of
one or more of the other elements in the electrode to change.
The insertion and extraction of Li + and change in the oxidation state will influence the structure of the host electrodes.
The simplest change may be an expansion or contraction of
one or more axes of the crystallographic unit cell, which may
result in a volume change. So, as the battery is charged, the
positive electrode may expand. For example, in LiCoO2 positive
electrodes, the structure consists of layers of Li + and negatively charged edge-sharing CoO6 octahedra. The initial charge results in an expansion of the c unit-cell parameter, which is the
stacking axis, as the negatively charged CoO6 layers repel each
other when Li + is removed.[5a,b] This is typical of a solid–solution or second-order phase transition in which the unit cell
changes during ion insertion or extraction. In diffraction pat-
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terns, the solid–solution reaction can be observed through
changes in the reflection position.[5c]
An alternative reaction during ion insertion/extraction could
be the nucleation and growth of a second phase at the expense of the primary phase; this is a two-phase or first-order
phase transition. Graphite negative electrodes show this structural behavior near the charged state of lithium-ion batteries,
with LiC12 transforming into LiC6, as shown by a loss in the intensity of the LiC12 reflections and a corresponding increase in
intensity of the LiC6 reflections.[5a, c, 13] This is in response to
a smaller amount of LiC12 relative to LiC6 in the electrode as
the phase transition progresses. In addition to the appearance
of new reflections associated with the formation of new
phases (two-phase reactions) and the change in the position
of reflections (solid–solution reactions), some reflections may
change in intensity, whereas others do not (or not to the same
extent); this is indicative of changes in the atomic distribution
within the electrode. Furthermore, all of these processes can
occur simultaneously, which complicates analysis and interpretation.
Electrodes can undergo other types of reactions during battery function, such as alloying or conversion. An example of
a conversion reaction is the reaction of Li with SnO2 to produce Li2O and Sn, and these reactions are often associated
with dramatic volume changes. Interestingly, recent work also
shows that the Sn produced above can react with more Li
through alloying reactions to produce LiySn.[14] If the materials
that make up the electrode or the products of the electrochemical reaction are not crystalline (long-range ordered), a diffraction experiment will not be very informative. The exception
is if researchers are looking to find out “when” the electrode
turns amorphous or loses crystallographic order.[15] In practical
terms, some nanocrystalline electrodes can be problematic to
probe; however, this depends on the material, instrument, and
research questions posed.
For crystalline components, the observed changes in the diffraction patterns inform researchers about the original structure, for example, layered, how that structure evolves and the
types of reaction mechanisms, and how the atomic distribution
changes. All of these parameters underpin battery performance and provide information on tuning of the battery
performance by chemically altering the makeup of the electrode material or the electrochemical conditions of battery use.
3.2. Types of experiments
Ultimately, the level of detail gained is a compromise between
the structure and its evolution. Consequently, experiments
aimed at understanding the structure–function relationship in
materials can take one of two broad approaches, involving
equilibrated or non-equilibrated systems. A further division of
studies exists within these two approaches: studies examining
each material as a single component or model system, and
those examining these components within a whole assembled
device.
By way of example, typical structure–function relationship
studies of batteries materials in each of these categories inChemSusChem 2015, 8, 2826 – 2853
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clude 1) equilibrium single-component studies (ex situ), such
as examining the electrode powder structure as a function of
composition or temperature; 2) equilibrium whole-assembled
studies (in situ), such as examining electrode structure within
a battery at particular states of charges; 3) non-equilibrium
model-system studies (in situ/operando), such as examining
the electrode structure during its reaction with various electrolytes, 4) non-equilibrium whole-device studies (operando), such
as examining electrode structure in a battery during charge/
discharge.
Broadly speaking, examples 1–4 above are ordered from
easiest to hardest to successfully perform. The difficulty in realizing the experiments and data analyzes are typically offset by
similarly ordered increases in structure–function understanding
to be gained.
Equilibrium single-component studies are usually not standalone, but instead form the foundation for more complex studies. A dedicated, single-component study allows a detailed
structural understanding to be gained that underpins more difficult to understand data, such as that collected rapidly and/or
from multicomponent systems. Such information is usually correlated with ex situ determined performance, for which the
structure–function relationship is explored with variables that
can include composition or temperature.
Understanding the working mechanism of an electrode is
the key to advancing new battery technologies, and central to
achieving this is the study of materials during their operation.
Insights into the phase evolution and mechanism of charge
transfer within batteries pave the way for new materials to be
developed and also point to operational efficiency, such as by
defining charge and current limits. The in situ approach has
been extended in recent years to operando studies, in which
materials are studied under non-equilibrium, real-time conditions (literally, in operation). These studies are exceptionally
powerful in gaining insights into structural evolution, and
therefore, function, and are represented by the type of studies
outlined in 2–4 above. In particular, operando studies on nonequilibrated systems allow the structure to be explored as
a function of time, which enables kinetic information to be derived.
The corresponding information gained in each of the typical
structure–function relation studies outlined above include
a) ex situ studies, which are more detailed structures than in
2–4, and provide no detail on component evolution during
function; b) in situ studies, which provide fewer structural details than 1 and more than 3 and 4, although electrode function insights that are less time-correlated than those of 3 and
4; this provides information that is sometimes an essential
bridge to 3 and 4; c) operando studies, which provide less detailed structural insights than 1, but more detailed evolution
insights than 4; and d) operando studies, which provide less
detailed structural insights than 1–3, but more detailed evolution insights, which are obtained under relevant working conditions.
The exploration of structure–property relationships is essential in battery materials research, as demonstrated by the surge
of experimental studies in this area over the last decade, which
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are driven by the requirement for cleaner and higher performance batteries. The level of detail gained on both the material’s structure and evolution during battery function is increasing in parallel with this research surge as experimental
methods mature.

4. Diffraction Techniques
Both atomic- and large-scale structures are important to understand battery materials. Of the diffraction methods used to
gain this information, powder diffraction is the most popular
and has been used extensively in the study of battery material
structures.
Electrodes are arguably the most important functional material within a battery and conventional powder diffraction is
commonly used for the determination of their crystallographic
structure. The measured quantity in a diffraction experiment is
the structure factor, S(Q), which describes scattered X-rays or
neutrons in terms of the wave-vector transfer (Q), the angle of
the scattered beam (q), and the incident wavelength (l),
through Bragg’s Law, in which Q = 4psin q/l. For a single crystal, the scattering will consist of Bragg peaks. In an ideal
powder sample, small crystallites are randomly oriented and
scattering from a particular set of lattice planes corresponds to
scattering obtained by turning a single crystal. In powder samples, Debye–Scherrer cones are obtained in place of Bragg
peaks. Powder diffraction is an established tool for atomic- and
molecular-scale structural characterization and has been developed to the point where complete structural information can
be obtained from polycrystalline samples.
Nanosizing is particularly important in electrode materials,
which results in structures that are sometimes not easily studied by means of conventional powder diffraction. Traditional
diffraction considers the long-range average structure, whereas
total scattering, as implemented in the pair-distribution function (PDF), uses both Bragg and diffuse scattering and is sensitive to local environments.[16] The PDF G(r) gives the probability
of finding an atom at a given distance, r, from another atom
and can give information about local ordering. To investigate
the phase transformation at the local atomic scale, PDF analysis of total-scattering data is useful in studying electrode materials, for which it can be used to determine local structures in
a way that is sensitive to relatively long-range correlations.
Generally speaking, the diffraction method and source
chosen is guided by the requirements of the material under
characterization, alongside the temporal and spatial resolution
required.
4.1. Sources
Of the types of diffraction sources, laboratory-based X-ray
powder diffraction (XRPD) is easiest to both access and use. Inhouse laboratory-based X-ray diffractometers can be tailored
and customized for battery-specific studies, which helps to
overcome in situ and operando demands. However, the structural complexity of many battery materials leads to the requirement for higher resolution and high flux sources. The
ChemSusChem 2015, 8, 2826 – 2853
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higher flux offered by synchrotron sources translates directly
into higher spatial and temporal resolution and so synchrotron
XRPD (SXRPD) is the next step in the characterization of these
materials and has been used extensively for this purpose.
Neutrons interact with, and are sometimes scattered by,
atomic nuclei, which is different to the way that X-rays interact
and scatter. This leads to two overall and very important advantages for the study of battery material structure by using
neutron powder diffraction (NPD):
First, the neutron scattering characteristics of each type of
isotopic nucleus vary from one isotope type to another. This
provides considerable scope for measuring light nuclei in the
presence of very heavy nuclei, and also changing the scattering length by using a different isotope of the same element.
For lithium-ion battery electrodes, this allows lithium to be
probed in the presence of transition metals, which is a considerable advantage over X-ray diffraction (XRD), in which scattering arises from electron density. Figure 2 shows an example of

Figure 2. Simulated XRPD and NPD patterns of ordered P4332 and disordered Fd3̄m structures of LiNi0.5Mn1.5O4.

this, for which XRPD cannot distinguish between LiNi0.5Mn1.5O4
phases in which the transition-metal atoms are ordered and
disordered, given the elemental contrast neutrons are easily
able to. It is also convenient that 6Li (which has a high neutron
absorption) can be replaced by 7Li, which does not, giving the
possibility to enhance the diffraction signal if necessary.
Second, neutron-scattering cross sections are, in general,
quite small, so neutrons are relatively penetrating and measurement occurs for the bulk of the sample. This penetration
enables the composition of electrodes to be easily measured
in an operating battery.
These advantages are so significant for battery materials
that dedicated neutron powder diffractometers, such as the
SPICA[17] instrument at the Material and Life Science Facility of
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the Japan Proton Accelerator Research Complex (J-PARC), have
been developed. The instrument is optimized specifically for
in situ measurements to clarify structural changes of battery
materials. A recent review on neutron sources around the
world and some examples of these sources being used to
probe chemical reactions can be found in the references.[18]
NPD can be used to determine the crystallographic positions
of the charge-carrying lithium ions, atomic displacement parameters, and occupancies. Importantly, the high penetration
of neutrons allows these to be determined from within
a whole, commercial-sized battery and, coupled with the fastdetection ability of modern instrumentation, enables NPD to
probe, in real-time, the bulk crystallographic changes of electrodes in functioning batteries through operando studies,
which are important in elucidating charge-carrying ion-insertion/-extraction mechanisms. Despite these advantages, NPD is
still used only a fraction as frequently as XRPD in the study of
battery materials, mostly due to the requirement for a central
facility and associated logistics, but also because even the
most powerful neutron beams are weak compared with
photon beams, so the samples and counting times for neutrons are correspondingly greater. Consequently, neutron scattering is rarely used when the desired information can be obtained by another means.
Typically, a large range of operating variables are examined
during the electrochemical performance testing of batteries,
starting with conventional charge–discharge cycling at a fixed
current rate alongside cyclic voltammetry, and then moving to
examine variable current rates and cutoff voltages, to name
a few. The entire gamut of such variables cannot be performed
in situ, predominantly due to X-ray and neutron scattering instrument time constraints. One approach taken is to explore
electrochemical parameter space (e.g., electrochemical conditions during electrode testing) ex situ and to select the electrochemical conditions that produce interesting performance for
in situ structural studies.

5. Overview of Cells and Experimental Setup
Requirements
The objectives of an operando experiment are to obtain
a high-quality signal from the electrode of interest while it is
inside a whole commercially equivalent battery, that is, one
that can be commercially used, and to collect data while the
battery is being charged/discharged. The data should be collected with a high temporal resolution, that is, in sufficient
time steps, so as to not smear or miss any structural transitions, with this being increasingly important at faster charge/
discharge rates. There is often a compromise between the
time required to collect data, the current rate that can be applied to the electrode/battery, and the time available on instruments.
In these experiments, the whole battery is exposed and thus
every component can contribute to the signal. Therefore, it is
essential to carefully select the components of the battery and
to modify these as necessary to minimize their contribution to
the data, or move their signal away from reflections from the
ChemSusChem 2015, 8, 2826 – 2853
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electrode of interest, for example, by swapping copper current
collectors with aluminum in sodium-ion batteries if the copper
reflections overlap with the electrode under study.
If sufficiently strong and well-resolved signals are collected
from the electrode of interest, then structural analysis can be
performed. A typical first step in data analysis is single-peak fitting, but ultimately full structural refinements can be performed, which may lead to the identification of new or unknown phases. In addition, accurate atomic parameters can be
determined, such as lithium and sodium atomic parameters, in
electrodes for each diffraction pattern collected during the
charge/discharge process. Determining atomic parameters is
the most difficult aspect of this work and is often not achieved.
The structural changes that can be determined are described
in Section 3.1; these give atomic-level insight into battery function.
Battery geometry can significantly impact data quality. In
particular, with absorption effects, a relatively equal incident
and scattered radiation path length at every angle is required
for accurate peak intensities and simplified data analysis. Introduction of an angular-dependent attenuation by the sample
geometry, often in combination with that of the instrument, is
detrimental to the level of structural detail that can be obtained. This is because the peak intensities are no longer representative of only the electrode structure, but also include an
angle-dependent attenuation factor in addition to the structure. Although a homogeneous and annular sample is ideal
from this perspective, the quality of the signal is redundant if
the cell does not function well electrochemically.
A key concept in the design of cells for these in situ experiments is the condition that the electrochemical behavior of
the materials under study is as close as possible to that in
a conventional device, for example, a coin, pouch, or cylindrical
cell. Importantly, the charge–discharge curves measured
during the in situ experiment should reproduce the expected
features of the conventional cells for a direct comparison of
collected diffraction data with performance. It is well established that some in situ cell designs affect performance, and
these effects must be understood to link performance with
structure and phase evolution. This may involve linking structural evolution within the cell-type rather than a general behavior of the electrode. Commercial cells have a clear advantage to specialist in situ cells in this regard because the diffraction data can be directly linked to well-characterized performance.
Typically, every effort is made such that specialist in situ experimental cells enable the material under study to perform as
close as possible to that in conventional cells. However, when
conducting in situ NPD experiments, the presence of hydrogen
can present an insurmountable barrier to obtaining meaningful
information due to hydrogen’s large incoherent neutron scattering cross section, which results in a large background in the
data. Specialist NPD cells are therefore developed with deuterated electrolytes (in which the isotopic substitution of hydrogen with deuterium reduces significantly the background) and
hydrogen-rich separators are replaced with hydrogen-poorer
separators.[19] Deuterated electrolytes are known to significant-
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ly affect cell performance, which is typically reduced as a consequence of the diffusion mechanisms being altered by heavier
deuterium, and consequently, affecting the operating voltage
window. In these cases, the electrochemical performance is extensively characterized and understood in ex situ experiments,
so that information gained can be confidently correlated to
performance.

summarizes the studied materials and type of batteries used in
the in situ NPD experiments. In this section, we review the battery designs and battery types used in in situ NPD experiments.

5.1. Battery designs for in situ NPD experiments
To date, only 38 papers have been published that are related
to the use of in situ NPD to investigate lithium-ion batteries,
probably due to limited access to neutron facilities, difficulty of
preparing neutron-friendly batteries, and often-complex data
analysis. Advances in neutron instrumentation and the increased attention and value gained by researchers using in situ
NPD to study batteries have meant that the number of publications has dramatically increased since 2012. Figure 3 shows
the number of publications in every calendar year and Table 1

Figure 3. Statistics of publications reporting in situ NPD studies of lithiumion batteries.

Table 1. Summary of published literature on the in situ/operando NPD study of lithium-ion battery materials.[a]

Year

Material studied

Cell configuration

Battery type

Reference

1998
2001
2004
2008
2010
2010
2010
2011
2011
2011
2012
2012
2012
2012
2012
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015

LixMn2O4
LiMn2O4
LiCoO2 and graphite
LiNiO2
Li4Ti5O12
LiFePO4 and graphite
LiCoO2 and graphite
Li4Ti5O12 and TiO2
MoS2
Li(Co0.16Mn1.84)O4
LiCoO2 and graphite
LiCoO2 and graphite
LiFePO4
LiCoO2, LiMn2O4, LiFePO4, graphite, Y[Fe(CN)6], and Fe[Fe(CN)6]
graphite
LiFePO4 and Li1.1Mn1.9O4
LiMn2O4 and graphite
Li1.1(Ni1/3Mn1/3Co1/3)0.9O2, LiFePO4, Li4Ti5O12, and graphite
V-doped LiFePO4
xLi2MnO3·(1-x)LiMO2 composite
LiFePO4
graphite
graphite
graphite
Li1 + yMn2O4
LiFePO4
Li(Ni1/3Mn1/3Co1/3)O2
Li4Ti5O12
LiNi0.5Mn1.5O4 and Li4Ti5O12
LiCoO2 and graphite
graphite
Li(Ni1/3Mn1/3Co1/3)O2 and Al-doped Li(Ni1/2Co1/2)O2
Li4Ti5O12
LiCoO2, LiMn2O4, and graphite
Li(Ni1/3Mn1/3Co1/3)O2 and Al-doped Li(Ni1/2Co1/2)O2
Li(Ni1/3Mn1/3Fe1/3)O2
Li0.18Sr0.66Ti0.5Nb0.5O3
Li1 + xMn2¢xO4, x = 0, 0.05, 0.10
graphite
LiNi0.5Mn1.5O4 and Li4Ti5O12

half
half
full
half
half
full
full
half
half
half
full
full
half
half
full
half
full
half
full
full
half
full
full
full
full
full
full
full
full
full
full
full
full
full
full
full
half
half
full
full

Pyrex tube-like
Pyrex tube-like
commercial 18650-type
PEEK large coin-type
PEEK large coin-type
commercial 18650-type
commercial 18650-type
roll-over cylindrical V
roll-over cylindrical V
roll-over cylindrical V
commercial 18650-type
commercial 18650-type
roll-over cylindrical V
roll-over cylindrical V
commercial 18650-type
Ti¢Zn alloy large coin-type
commerical pouch-type
Al¢Ti alloy large coin-type
commerical pouch-type
single-stack pouch-type
roll-over cylindrical Swagelock-type
commercial 18650-type
commercial 18650-type
commercial 18650-type
pouch-type
commercial pouch-type
commercial 18650-type
pouch-type
pouch-type
commercial 18650-type
commercial 18650-type
commercial 18650-type
pouch-type
planar coin-type with Si case
commercial 18650-type
pouch-type
roll-over cylindrical V
Ti¢Zn alloy large coin-type
commercial 18650-type
pouch-type

[20]
[21]
[22]
[23]
[7a]
[24]
[5a]
[11]
[15]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[5c]
[13]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]

[a] PEEK = polyetheretherketone.
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Figure 4. Schematic illustration of commercial a) cylindrical (Panasonic.com)
and b) pouch-type (Mpoweruk.com) batteries. PTC = positive temperature
coefficient.

Nowadays, commercial batteries are mostly packed in two
different arrangements: cylindrical (i.e., 18650 battery) and
pouch-/prism-type cells containing layered sheets (Figure 4).
Both packing arrangements have the same aim: minimize the
battery volume. Cylindrical batteries contain a roll-over cathode–separator–anode–separator that is wound with a cathode
lead (center tube) such that it is dense and compact. The
outer casing is designed to be strong and protects the battery
from deformation, caused by physical damage, or decomposition of the inner electrolyte during cycling. However, the metal
casing also limits the battery size (in terms of Ah) by constraining the maximum amount of cathode and anode, for example,
only about 3 Ah is achieved in a typical 18650 battery with existing commercial cathode materials. On the other hand,
pouch/prism layered batteries contain multiple sheets of cathode–separator–anode layers that are assembled and encased
in a soft laminated aluminum foil or harder casing as required.
The flexibility of the pouch battery, in terms of size, capacity
(ranging from 0.5 to 90 Ah and above), shape, and so forth, is
high, which makes this type of battery favorable and easier to
fit into integrated battery packs for high-power energy applications, that is, electric vehicles. In an in situ NPD experiment,
commercial batteries are nearly always preferred because of
the high content of active material (i.e., > 15 g in 3 Ah battery
with LiCoO2 or LiMnNiCoO2 (NMC) cathodes); the main drawChemSusChem 2015, 8, 2826 – 2853
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backs are the limited options of cathode and anode chemistries. Despite the high penetration of neutrons, the battery geometry, as well as the composition of the non-electrode battery components, must be considered in an in situ NPD experiment.[5a, c, 13, 22, 24, 26, 27, 30, 34, 37, 43–45, 48] The hydrogen content of the
battery is also detrimental to the quality of NPD data. Hydrogen produces a background component in NPD data due to
its large incoherent neutron-scattering cross section, and ideally cells should not contain hydrogen. Commercial batteries
overcome this issue through their large electrode contents,
which makes the ratio of electrode to hydrogen sufficient for
the collection of high-quality NPD data.
Custom-designed, neutron-friendly batteries that can
employ developing or commercial electrode materials as the
cathode and anode for in situ NPD experiments have evolved.
The very first lithium-ion battery used in an in situ NPD experiment was a binder-free pseudo-solid-state battery. It had
a half-cell configuration with a cylindrical shape that used
a Pyrex tube as the casing material, lithium roll as the anode,
Celgard separator, cathode composite (mixture of active material, electrolyte, and carbon black), and gold plating on the
inner wall of the tube as the cathode current collector. The
cathode was loosely packed, and thus, had poor contact with
the current collector. Given the high amount of active material,
the detected signals were excellent. However, the design of
the battery made the electrochemical performance of the cathode under study far from that normally achieved. This design
was used by the groups of Bergstrom[20] and Berg,[21] and is
shown in Figure 5 with the corresponding NPD data.
Learning from this design to improve electrochemical performance, cells with compactly packed electrodes as a result of
mechanical force were constructed. Four alternate designs
have been explored in in situ NPD experiments, as shown in
Figure 6. The electrochemical performance of these batteries is
generally satisfactory, whereas the collection time of each operando pattern is typically quite long (30 min or more). Moreover, these designs require a premade cell body that may not
be convenient to handle in some laboratories.
Another successfully implemented design is the so-called
roll-over design first introduced in Sharma et al.[11, 15] This
design is a modified version of the original cylindrical cell (i.e.,
18650) and has been used reliably to correlate the structure
and electrochemistry of electrode materials. The central part of
the battery is prepared by rolling over the stack, which is composed of a long strip of separator, positive electrode with the
slurry facing up and aluminum rod (or copper wire) wound in
the “tab” at one end, the second strip of separator, and finally
the lithium metal with copper wire wound in the end of the
lithium metal (the same end as the aluminum rod, see
Figure 7). The assembly is done inside a glove box. The rolled
stack is then inserted into a vanadium can, which contributes
almost negligibly to the NPD pattern. Although the roll-over
battery has produced excellent results when using in situ NPD,
a significant drawback of the design is the technical degree of
difficulty in its construction, with compactness of the roll-over
difficult to achieve and failed cells often leading to limited rate
capability and capacity. Short circuits and disconnects are rela-
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only once the expensive deuterated electrolyte has been
added. Applying sufficient pressure to the rolled electrodes is
particularly difficult when winding the cell by hand. The process requires manual dexterity inside a glove box and may not
lead to consistent results. Moreover, the total mass of active
material with respect to all cell components is dependent on
the size of the vanadium can and must be recorded to calculate the total neutron absorption. Finally, the size of the can
and thickness of the separator (i.e., polyvinylidene fluoride
(PVDF) membrane) constrain the amount of active material,
and the battery is in the half-cell configuration with a large
amount of lithium foil (similar volume as the target working
electrodes), which can be hazardous.
The last cell design, which is now becoming more popular
and is relatively easy to prepare in a standard laboratory, is the
pouch cell, which contains sheets of multiple individual cells
connected in parallel or rolled similarly to the commercial
pouch-type batteries found in mobile electronics. The battery
is prepared by stacking anode–separator–cathode layers in
parallel (Figure 8 a). The stack is tightened with Kapton tape
(Figure 8 b) and the assembly can be done outside of the
glove box because the battery can be used in the full-cell configuration. However, the electrode stack needs to be placed in
an argon-filled glove box to dry for at least 24 h before the
electrolyte is injected. The stack is then wrapped in a polypropylene-coated aluminum pouch (Figure 8 c) and heat-sealed,
with one side left open for the injection of the electrolyte. The
typical thickness of a battery is about 0.6–0.8 cm, including the
separator, electrodes, and aluminum pouch casing. The pouch
casing is aluminum foil about 0.16 mm thick with the outer
surface coated with thin polyamide and the inner surface
coated with thin polyester. The polyamide/aluminum/polyester
contains hydrogen, and the contribution of these components
to the NPD data is not negligible. The inner polyester layer is
used for heat sealing and protecting the electrode stack from
short circuits. The outer polyamide layer can be removed by
light sanding, which reduces the amount of hydrogen in the
sample. The stacked cell resembles a rectangular prism (or
pouch) that can typically function at higher charge/discharge
rates. The disadvantages of the pouch-type battery for in situ
NPD experiments are similar to those of the 18650-type, in addition to a further complication arising from its non-annular
geometry; the latter can be addressed by aligning the sample
on the instrument, so that the battery volume probed by the
neutrons has equal width and thickness, which simulates an
annular sample. Predominantly due to its ease of construction
in a research-laboratory setting, the pouch-type battery is increasingly being used in NPD experiments.
Figure 5. The binder-free pseudo-solid-state battery (a) and corresponding
NPD patterns of the battery in the b) charged and c) discharged states.[20]
Reproduced with permission from IUCr. A = seal for lithium, B = brass collars,
C = O-ring, D = lithium, E = solid polymer electrolyte and separator, F = cathode mixture, G = gold current collector, H = Pyrex tube, I = connection to diffractometer.

tively easy to introduce into the roll-over design, and these
can be catastrophic to battery function and are detectable
ChemSusChem 2015, 8, 2826 – 2853
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5.2. Battery designs for in situ SXRPD experiments
Compared with the battery designs used for NPD experiments,
the batteries employed in in situ XRPD or SXRPD are relatively
simpler and smaller. A recent review of these designs has been
published,[54] in which cells for laboratory and synchrotron XRD
experiments are compared and the use of reflection and transmission geometry are discussed. Considering transmission
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Figure 6. The battery designs presented by a) Rosciano et al.,[23] b) Godbole et al.,[33] c) Bianchini et al.,[31] and d) Vadlamani et al.[47] These figures have been reproduced from Ref. [33] with permission from The Royal Society of Chemistry, IUCr, and reprinted with permission from Refs. [31, 47]. Copyright 2013 and
2014, The Electrochemical Society.

XRPD experiments, the batteries are designed with a thin lithium-/sodium-metal anode, polymer separators, and carbonate
electrolytes to minimize X-ray absorption. They feature holes in
the stainless-steel casing material to allow X-ray transmission
and these holes are covered with Kapton or beryllium windows, depending on the design. A commonly used battery for
a transmission SXRPD experiment can be considered as a modified “coin-type” (i.e., CR2032) battery. Three types of transmission in situ cells for SXRPD experiments are compared herein:
planar stacking, coin-type, and a specially designed Argonne
multipurpose in situ X-ray (AMPIX) cell. The signals from all
three battery types are comparable, but the electrochemical
performance and cell preparation can be distinctly different.
Brant et al.[54] showed that the planar stacking battery comprised of two aluminum plates: one with a small recess (1.2 Õ
ChemSusChem 2015, 8, 2826 – 2853
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1.2 Õ 0.2 cm) and the other with a raised section with slightly
smaller dimensions. A hole was drilled on each plate to allow
the transmission of the X-ray beam and each plate or casing
was electrically insulated with Kapton tape. The whole cell was
assembled as shown in Figure 9 with the beam direction specified. Each electrode was placed inside and isolated by using
a PVDF separator. The aluminum plates or casings are also
used as current collectors and the plates are held together by
insulated screws. Kimpton and Gu,[55] among other authors,[56]
presented the use of a modified coin-cell (CR2032, see
Figure 10) with open windows. It is a typical coin cell, but features holes in the casing to allow the X-ray beam to pass
through. Compared with the planar cell proposed in Brant
et al.,[54] this design is feasible for preparation in most laboratories. However, in both cases, the main drawback is the Kapton-
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It is noteworthy that electrochemical cells have been designed specifically to overcome
contact issues in previous laboratory or synchrotron XRPD cells.
These include a Swagelok cell[57]
design for use in transmissiongeometry experiments in which
the beam passes through the
cell assembly and the lithium
side of the battery is covered
with an epoxy resin. The resin
acts to seal lithium from air and
behave as a poor X-ray scatter.
A modification of this design[58]
uses beryllium windows on both
the positive and negative sides
of the battery to minimize further X-ray scattering. This design
allows for both transmission and
reflection geometries. A sequence of plungers and springs

Figure 7. The vanadium-can roll-over battery design presented in Brant et al.[50]

Figure 8. Stack-layered battery design with an aluminum casing, as reported
by Pang and Peterson:[53] a) a schematic layout of the stacked layers, b) a
photograph of a) in practice, and c) the Al casing on the cell. Reproduced
with permission from IUCr.

tape covered holes, which can limit the performance of the
battery. Moreover, the Kapton-tape covered holes represent
the volume that is sampled by the X-ray beam, and this data
may show a less electrochemically active part of the cell (or
one that lags) due to the relatively poor contact of the electrode underneath the holes to the casing current collector material.
To overcome the contact issue, the AMPIX (Figure 11)[16] cell
was designed to provide reliable electrochemical cycling over
extended periods owing to the uniform stack pressure applied
by rigid X-ray windows and the formation of a high-fidelity
hermetic seal. This design is thought to be versatile, easy to
use, and suitable for operando and in situ measurements of
battery materials during electrochemical cycling by using a variety of X-ray techniques. The rigid X-ray windows ensure the
electrochemical performance of the battery, which allows penetration of the X-ray beam, and the researchers can connect
phase evolution with the electrochemical behavior more accurately. The AMPIX cell is arguably one of the most successful
and reliable designs; however, for the majority of researchers
this is not as convenient to prepare as the coin-type cells.
ChemSusChem 2015, 8, 2826 – 2853
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Figure 9. Planar coin cell for in situ synchrotron XRPD experiments reported
by Brant et al.[54]

are used to ensure contact and the cell can be easily disassembled. Notably, the cell has been used at rates of 5 C for at least
10 cycles and shown to work for both XRPD and X-ray absorp-
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cations, such as portable music players, yet they are still widely
available and used for certain applications due to their significantly lower cost. Alkaline batteries have largely replaced zinc–
carbon batteries, but these represent one of the cheapest batteries on the market. In the case of zinc–carbon batteries, Zn is
the anode with MnO2 coated on a carbon cathode, which
transforms into Mn2O3 during discharge. The electrolyte is an
aqueous solution of NH4Cl or ZnCl2 in the form of a paste.
Comparatively, the commercial alkaline batteries contain the
same materials for the anode and cathode, but the electrolyte
is conventionally KOH(aq). An excellent account of polymorphism in MnO2 and the development of perceived reduction reacFigure 10. Coin cell with open windows for in situ synchrotron XRPD experiments similar to those presented by Kimpton and Gu.[55]
tions in alkaline batteries can be found in the literature.[60]
In situ NPD work[60, 61] to study
the electrochemistry of g-MnO2
was undertaken by using a specially designed cell with a deuterated electrolyte solution (KOD in
D2O), as shown in Figure 12. The
g-form of MnO2 is widely used in
primary batteries.[62] The in situ
NPD study determined that the
reduction process followed three
stages and the final stage was
responsible for the breakdown
of the structure. Furthermore,
thermally induced transitions
were found to go through seven
steps before transforming into
Figure 11. The AMPIX cell for in situ SXRPD experiments reported by Borkiewicz et al.[16] Reproduced with permisa-Mn2O3. Readers are also directsion from IUCr.
ed to a Ref. [63], which describes
a neutron diffraction study of an
tion spectroscopy experiments. Recently, a design for laboratoalkaline battery by using the D1B diffractometer at the ILL in
ry XRPD experiments was developed and, although complex, it
France.
is reliable and robust.[59] The main advantage of this cell is the
In situ NPD data shows the transitions that occur within
a cathode during discharge. Importantly, it is in the final stages
replacement of beryllium with a graphite cell window, which
makes it safer to handle. It features a graphite dome with
of discharge that the structural breakdown of the cathode
a conventional coin-cell assembly. Screws are used to tighten
occurs and this is responsible for the completion of battery
discharge, with the potential dropping to around zero after
the cell stack to ensure contact and XRPD patterns have been
recorded in 18 min with the cell. One foreseeable issue may be
the final discharge stage. Here, the link between the cathode
electrolyte containment; however, this may be overcome with
structure and electrochemical discharge curve suggests that
a longer preservation of the structure may enable longer diselectrolyte-poor cells.
The choice of cell to use in XRPD experiments ultimately decharge; however, other variables of the battery need to be
pends on the instrument and type of information that is reconsidered for this to occur. This deeper understanding of the
discharge process in the cathode sheds light on how battery
quired, for example, the desired current rate. The important
parameter in the choice of the cell is that the electrochemical
capacity may be improved.
performance of the in situ XRPD cell is equivalent to that of
a conventional cell.
6.2. NiMH batteries

6. Key Examples
6.1. Alkaline batteries
Alkaline batteries find use in many portable applications with
low power requirements, such as tape recorders, cassette players, and wall clocks. Arguably these batteries are superseded
by rechargeable NiMH or lithium-ion batteries for certain appliChemSusChem 2015, 8, 2826 – 2853
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NiMH batteries have been studied with neutron scattering
techniques by substituting hydrogen with deuterium and exploring the relationship between battery performance and the
structure of the constituents. NiMH batteries contain anodes
based on the LaNi5 alloy, in which Ni can be substituted by
transition metals and La is often a combination of rare-earth elements referred to as a mishmetal. These anodes replace the
Cd anode found in Ni¢Cd batteries, making them significantly
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Figure 13. An in situ electrochemical cell for studying electrode evolution in
a NiMH battery during operation.[65, 67a–e]

Figure 12. Schematic illustration of the cell used to demonstrate the function of an alkaline cell with in situ NPD.[60]

more environmentally friendly.[64] Substitutions in the LaNi5
alloy are tailored to produce the best battery performance, in
particular, cycle life and rate capability, which are the major
drawbacks of these batteries. The electrolyte is KOH dissolved
in water and the reduction of water or hydrogen gas dissociation is the means by which energy is stored.[65] The battery
chemistry can be written as NiOOH/Ni(OH)2 j KOH j AB5/AB5Hx[66]
and we discuss the electrodes below.
A number of in situ NPD studies have been undertaken[65, 67]
with custom-designed cells (Figure 13). Depending on neutron
diffractometer collection times, different aspects of NiMH batteries have been investigated, for example, high current rate
electrode behavior with the more intense D20 diffractometer
relative to the moderate to low current rate behavior at the
lower neutron-intensity instrument D1B (also at the ILL). Sufficient time resolution is critical to investigate high-current
ChemSusChem 2015, 8, 2826 – 2853
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work, for example, 1 min acquisitions are required if the entire
charge–discharge process is only 1 h long. In these cases, the
electrolyte had to be deuterated (KOD/D2O) to measure
a signal from the electrode of interest and 2–7 g active materials were used, depending on the instrument and cell. Cells
with cylindrical geometry were used. Good time resolution
allows the kinetics of phase transformations to be studied and
Latroche et al.[67a] showed that the main rate-limiting step of
charge–discharge was the kinetics of the a,b phase transformation. Notably, this was related to the phase interface rather
than the diffusion coefficient of hydrogen (or in this case deuterium) at both low and high current rates. This study compared phase evolution (e.g., volume expansion) and fractions
with voltage under different electrochemical conditions.
Other in situ NPD studies have shown that the metastable gintermediate phase can form with cobalt-containing alloys (in
which Co > 5 %) and has intermediate properties between
those of the a and b phases.[65, 67b, c] An advantage in charging/
discharging via the g-phase is that it has been shown to
reduce strain (large-scale volume expansion) at the a–b interface, which helps to minimize corrosion; a significant problem
with alkaline electrolytes. These experiments allow studies of
the formation of the g-phase, which is only observed in in situ
experiments because it is metastable and observed under nonequilibrium conditions.[64, 67c, d] Additionally, cobalt tends to be
the most expensive component in the mishmetal, yet gives
rise to better performance through the formation of the g
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phase; thus studies have investigated methods to minimize
the cobalt content. The substitution of Ce for La, a Ce/La ratio
with minimal Co concentration, or the introduction of Fe with
no Co have been shown to undergo similar charge/discharge
processes.[67b] The longer phase life of the g phase and larger
phase fraction lead to better cycling performance, even in
cobalt-free samples.[67d] This illustrates how manufacturing
costs can be improved by undertaking in situ NPD experiments
to study the g phase during charging/discharging.
In situ NPD data of these electrodes enabled the determination of 1) the rate-limiting step, which is a,b phase transformation, during charge–discharge;[67a] and 2) the metastable gphase as the reason behind the higher performance of cobaltcontaining alloys.[64, 67c, d] Here, the NPD study provided unparalleled insight into how these electrodes might be improved, for
example, by replacing cobalt with environmentally friendly cations that stabilized the g-phase. Researchers have used this information to direct chemical substitution studies.
The cathode tends to be a nickel oxyhydroxide based material and in situ NPD studies have investigated redox processes
with both the g- and b-NiOOH phases directly transforming
into b-Ni(OH)2 with reduction by a two-phase mechanism.[65, 67e]
These measurements have allowed the elimination of a structural cause behind the second plateau observed in electrochemical reduction; instead, surface properties have been
cited as the reason for the second plateau. A recent example
also showed that the C/5 and C/10 rates did not influence the
charge/discharge kinetics of the structural transformations of
La2MgNi9.[67f] These experiments contribute to the understanding of reactivity mechanisms and phase evolution.
A slightly different in situ NPD study can also be used to see
the influence of hydrogen or deuterium gas pressure on the
composition at constant temperatures to determine optimal
loadings and the response of the phases present in the intermetallic–hydride anode,[65, 68] for example, pressure-composition
isotherms (PCI). The role of each metallic substitution of Ni in
LaNi5 can be systematically characterized.[66] Combining thermodynamic properties with structural measurements allows
in situ data to provide further insight into the behavior of electrodes and batteries because the location of the hydride can
be quantified at each step.
In situ NPD studies of NiMH batteries have revealed which
phases are essential in stabilizing and optimizing anode performance. Such studies have also shown how substitutions
and phase transformations in the cathode influence electrochemistry to reveal, in detail, the link between chemical substitution and the kinetics and thermodynamics of structural transitions. Understanding these links allows researchers to target
substitutions that improve battery performance.
6.3. Lithium-ion batteries
Early studies on lithium-ion batteries utilized in situ XRD to
show structural changes in the cathode and anode materials[5b, 69] during charging and discharging and a variety of cell
designs, X-ray sources, and collection times were experimented
with; a recent review highlighted these developments.[54] The
ChemSusChem 2015, 8, 2826 – 2853
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most commonly used cell design is a coin cell with holes cut
in the stainless-steel casing and spacer. The holes are either replaced with a beryllium window or Kapton tape. The latter has
a limited lifetime due to the electrolyte attacking the adhesive
and tape itself. A recent exemplifying study illustrates the
detail that can be extracted from in situ SXPRD studies.
Gummow and co-workers investigated the composition of
a lithium-rich transition-metal oxide system that exhibited
complex structures, often with persistent intergrowth of two
phases, but that could be related to layered LiCoO2 or more
generally the a-NaFeO2-type structure.[56] The advantage of
these cathodes is that they can deliver a higher capacity when
charged to certain voltages. Because the energy density of
a lithium-ion battery is limited by the cathode, a high-capacity
cathode translates into a higher energy density battery. The
evolution of the cathode can be determined from the synthetic method and the range of compositions, phases, and thus
evolution can be complex.
This work showed how a composite electrode made of two
layered-type materials described above, one lithium-rich and
the other lithium-poor, could be cycled and how each phase
evolved. The phase composition was determined by using ex
situ data of pure powders, and Figure 14 shows the evolution
of the lattice parameters of each component during charge/

Figure 14. Lattice parameter evolution of a two-phase composite electrode
during battery cycling in an in situ XRPD experiment.[56] Reprinted with permission from Ref. [56]. Copyright 2013, The Electrochemical Society.

discharge.[56] Clearly each component is electrochemically
active and the rate at which the lattice parameters evolve is
different; therefore, each component carries the charge at different rates and/or times during operation. For such an experiment, the similarity of the phases present in the system means
that resolution is critical to determine how each phase evolves.
In this case, during charging, the c lattice parameter of both
phases increases and the a lattice parameter decreases, with
the reverse occurring during discharging. The transition is continuous, which is indicative of a solid–solution reaction. Importantly, the lattice parameters of the electrode do not return to
their original value at the end of discharging, which indicates
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that either the electrode is not in its equilibrium state or that
structural rearrangements restrict further discharge.
This example shows how in situ SXRPD can reveal the structural evolution of a two-component electrode, identifying both
the potential and rate of evolution, and allowing the determination of correlations between phase evolution of the two
components, for example, synergistic or sequential evolution.
Electrochemically inactive parts of the electrode can also be
determined. Such studies can be used to direct the tailoring of
the component ratio within composite electrodes. It is important to note that this information is derived for crystalline
phases, with in situ PDF methods better suited to the study of
amorphous phases.
The key information missing from such in situ XRPD experiments is atomic information on lithium, for example, the occupancy and evolution of the occupancy in each of the phases
present in the cathode. NPD, in principle, can provide this information in a time-resolved manner. The first example of the
time-resolved tracking of lithium ions in an electrode during
battery function was determined for a Li1 + yMn2O4 cathode, for
which the lithium occupancy was modeled at two crystallographic sites during the charge and discharge processes.[38]
This work has been extended to a range of compositions, x =
0, 0.05, and 0.10, in Li1 + xMn2¢xO4 by using in situ NPD.[51] Li1 +
yMn2O4 adopts a cubic spinel structure and Figure 15 shows
the evolution of the lithium sites as a function of time and the

lithium sites as a function of time and battery potential. This
level of structural detail with respect to the electrochemical
state of the battery is unprecedented in the literature.
The related in situ NPD study of Li1 + xMn2¢xO4 compositions
shows how phase evolution varies with the Li content (x) in
the original cathode.[51] The cathode exhibits only solid–solution behavior at one extreme (x = 0.10), whereas it shows a sequence of two two-phase reactions at the other (x = 0). These
phase transitions and structural evolution correlate to the
slope and features in the electrochemical charge–discharge
curves. These cells were cycled at the C/20 rate and features in
the dQ/dV plots correlated to both the phase evolution and
lithium site-occupancy factors. Notably, the nonuniform rate of
lithium extraction is supported by the appearance of time and
potential domains with fast and slow lithium extraction. Overall, the initial composition has a significant influence on phase
evolution and determines the cathode performance.
The time-resolved tracking of lithium occupancy and distribution was extended to the LiMn1.5Ni0.5O4 cathode[42] and
Li4Ti5O12 anode[41] by using custom-designed pouch batteries
and Li1 + xMn2¢xO4 by using Ti¢Zn alloy coin-type half-cells.[51]
These battery designs allow researchers to make batteries in
laboratories with limited amounts of starting materials (e.g.,
gram scale) with the capability of tracking lithium evolution
during battery function. Interestingly, the battery performance
at the current rates investigated resembles that of either smaller coin or commercial cells. This
is expected for work examining
the Li1 + yMn2O4 cathode[38] because this uses what is effectively a commercial cell.
Another aspect of in situ NPD
is that the entire battery can be
in the neutron beam, which
allows the whole electrode to be
probed. Using a roll-over cylindrical cell, researchers were able
to show how the reaction mechanisms evolved in a LiFePO4
Figure 15. Lithium site-occupancy evolution during charging/discharging of a Li1 + yMn2O4 cathode. The region of
the structure that is highlighted illustrates the location of the 8a and 16c crystallographic sites.[38] Reprinted and
cathode. They showed the first
adapted with permission from [38]. Copyright 2013 American Chemical Society.
experimental evidence for the
presence of simultaneous reaction mechanisms occurring in
discharged states are indicated. The mechanism of lithium inthis electrode during battery function.[28] Structural characterissertion and extraction was found to differ and this was related
tics of both the solid–solution-type and two-phase-type reacto the empirical finding of the differences in the ease of chargtion mechanism were observed during certain states of charge,
ing relative to discharging batteries containing such electroas shown in Figure 16. The changing lattice parameter is indides. During lithium insertion, the 16c site is initially occupied,
cative of a solid–solution reaction, whereas the changing
followed by a depletion of lithium at this site and an increase
phase fraction of LiFePO4 and FePO4 is indicative of the twoin the occupancy of the 8a site, whereas during lithium extracphase reaction. Figure 16 also highlights the parameters that
tion the majority of the process occurs from the 8a site, and
can be extracted from in situ NPD experiments: the electroonly in the later stages are both sites occupied (Figure 15). Nochemical parameters of potential and current, and also the
tably, the lithium site evolution and occupancy fluctuation are
structural parameters of lattice and phase fractions in this case.
also manifested in the lattice parameters, with changes in the
The cases presented above for Li1 + yMn2O4, LiMn1.5Ni0.5O4, and
lithium parameters influencing the rate of change (e.g., expanLi4Ti5O12 also show the atomic structural parameters, especially
sion or contraction) of the lattice. Therefore, lattice evolution
for lithium, in addition to that shown in Figure 16.
could be correlated to the population and depopulation of the
ChemSusChem 2015, 8, 2826 – 2853
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Figure 16. A selected region of in situ NPD data (top) from a roll-over cell
with the LiFePO4 cathode; the applied current (red line) and cell potential
(black line), weight fraction of LiFePO4 (green crosses) and FePO4 (black
crosses), and lattice parameters of LiFePO4 (closed symbols) and FePO4
(open symbols) are also shown (bottom). Shaded vertical regions are locations where simultaneous solid–solution and two-phase reactions are observed.[28] Reprinted with permission from [28]. Copyright 2012 American
Chemical Society.

Therefore, the bulk phase evolution of the cathode during
charging–discharging, similar to the Li1 + xMn2¢xO4[51] cathode
studies and the in situ XRPD studies, can be determined from
in situ NPD. However, in situ NPD flourishes in the ability to
track lithium in real time during charging/discharging of whole
batteries. The lithium site-occupancy factors and phase evolution can be related to features in the electrochemical curves,
including for commercial cells and cells optimized specifically
for NPD; this allows exploration of the parameter space and directs researchers towards improved electrode materials.
6.4. Sodium-based batteries
Molten-salt-based sodium batteries functioning at relatively
high temperatures have been investigated and commercialized.[70] They require molten sodium salts and typically run at
temperatures above 200 8C; however, some newly developed
salts have brought the operational temperatures down to
90 8C. Typical components within these cells are Na/NaCl, Ni/
NiCl2, or Fe/FeCl2 electrodes with b-alumina as the electrolyte
ChemSusChem 2015, 8, 2826 – 2853
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scaffold and NaAlCl4 as a secondary electrolyte.[70a] There is a reaction front that propagates in these batteries through the balumina electrolyte consuming NaCl to form FeCl2 or NiCl2 and
Na + (or Na metal) during charging and the reverse during discharging. Very little diffraction work on these batteries as
a whole has been conducted; three reports have been identified to date.[70a, 71] Neutron work is particularly elegant because
the large cell shown in Figure 17 a is used with two different
batteries at two states of charge (discharged and half charged).
Researchers were able to use radiographic images to illustrate
physical changes in the distribution of species inside the batteries (Figure 17 c and d) and to realize a 3D tomographic
image of the battery (Figure 17 b). The internal structure of the
battery could be determined and the differences between the
states of charge illustrated, that is, the reaction front and
sodium level in the anode (Figure 17 c and d). In addition, because neutron scattering is nondestructive, the same batteries
were measured on a residual stress diffractometer by taking
measurements at various gauge volumes inside the battery
(Figure 17 e). Clearly, as shown in Figure 17 f, the crystalline
phase composition inside the battery evolves from the outside
towards the battery center, which is related to both the internal structure and the reaction front progressing through the
battery. Phase compositions and ratios can be quantified and
tracked throughout the battery, and differences in the phase
composition between the discharged and half-charged battery
compared. In this case, the half-charged battery contained
a significant proportion of Na6FeCl8.[70a] Therefore, by coupling
tomography and diffraction, researchers visualized the reaction
front and phase composition of these batteries, all without
opening the batteries. Thus, these relatively large batteries can
be probed by using neutron diffraction methods.
An in situ energy-dispersive XRPD study described the phase
evolution and kinetic parameters.[71a] High-energy X-rays were
used to penetrate into the full-sized metal halide battery (Figure 18 a). For such energy-dispersive XRPD experiments,
a “white beam” or beam with a distribution of X-ray wavelengths was used and the detector measured the intensity
versus energy of the scattered beam. Data such as that shown
in Figure 18 b is produced, for which the x axis is energy and
the y axis is the pattern number; in this case, corresponding to
the depth inside the cell. The y axis can be altered to a fixed
position inside the cell and phase evolution at this position
(defined as a gauge volume) can be examined as a function of
discharge (Figure 18 c). Using peak identification and fitting regimes, these researchers were able to show the reaction processes that occurred to validate the existence of the Na6FeCl8
phase. They also showed when phase evolution occurred with
respect to the battery state of charge (a temporal study) and
then at a fixed state of charge where the reaction front was located (a spatial study). Therefore, excellent space and time information can be extracted from these batteries by using such
an experiment. The next step would be to capture this information for the entire battery height, similar to that shown
above with neutrons.
In situ NPD as a depth-sensitive probe has revealed the
phase evolution of a molten salt battery and reaction progres-
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Figure 17. a) An image of the molten-salt sodium battery, b) the internal schematic, c) and d) tomographic images of the battery, e) the gauge volumes for
NPD studies, and f) the resulting NPD patterns.[70a]

sion in these devices. Phase evolution as a function of discharge was also determined by using energy-dispersive XRPD.
From this information, researchers can determine which
phases are present or formed, and whether these are soluble,
electrochemically active, or adverse to performance. This assists in the modeling of battery degradation and performance.
However, as evident from the results in Figures 17 and 18,
there is significantly more complexity to in situ NPD or XRPD
experiments of molten-salt batteries, relative to the same experiments on lithium-ion batteries discussed in Section 6.3. Notably, although only a portion of battery evolution is captured
(the gauge volume), this is sufficient to determine valuable information concerning battery function.
The question remains whether the gap between a lithiumion battery and a sodium molten-salt battery can be bridged.
This has led to dramatic developments and advances in
sodium-ion batteries, which work in a similar manner to lithium-ion batteries, but use sodium as the energy carrier. The research drive here is the cost of sodium, which is significantly
cheaper than lithium due to the abundance of sodium in the
Earth’s crust, in addition to the ability to use aluminum current
collectors for both electrodes in a sodium-ion battery.[8] The
latter is fairly significant because Cu current collectors are required at the negative electrode in lithium-ion batteries to prevent Li¢Al alloy formation and Cu is becoming more expenChemSusChem 2015, 8, 2826 – 2853
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sive.[8] Aluminum current collectors also reduce the weight of
the battery and, for in situ diffraction experiments, reduce the
number of components in the beam. Other advantages in
sodium-ion systems are similar reduction potentials (2.94 V
versus H2/Pt relative to 3.04 V vs H2/Pt for Li) and the similarity
in chemical properties.[8, 72] The disadvantages include the size
of the sodium cation, which requires larger volumes for insertion/extraction, and the relatively sluggish insertion/extraction
reactions relative to lithium predominantly due to kinetic effects.[8, 72] Nonetheless, sodium-ion batteries are now attracting
significant interest, as demonstrated by approximately 400
publications until 2012, 98 in 2012, and around 220 in 2013
(Web of Science).
Diffraction has played a key role in the development of components for sodium-ion batteries and work has also determined the time-resolved sodium and lattice evolution of electrodes during charging and discharging. This insight is very
powerful in sodium-ion battery electrodes because the major
issues with positive electrodes are the amount of sodium that
can be reversibly inserted/extracted and the number of major
structural distortions that occur during the insertion/extraction
process. Specifically, some cathodes under study include
NaxCoO2,[73] NaxMnO2,[74] NaxCrO2,[75] NaxFePO4,[76] NaxM2(XO4)3,
and various compositions in the NaxM2O2y(PO4)2F3¢y series, in
which M = V, Fe, Co, Mn, and Ni and X = Si, P, S, and Mo.[8, 77] To
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Figure 18. a) Schematic illustration of the sample stage and experimental setup and the computed tomographic image of the cell. Contour-type plots of the
diffraction patterns b) along the cell diagonal at a fixed state of charge and c) at a fixed position during discharge with the potential profile shown.[71a]

date, a number of in situ XRD experiments have been carried
out, but these have focused on insertion/extraction reactions
under equilibrium or low-current conditions[73, 74, 76, 78] and typically avoid time-resolved influences. The cells used are often
based on coin cells with either electrodes spread on the current collector or as pellets. Depending on whether synchrotron
or laboratory X-ray radiation is used, precludes whether transmission or reflection geometry is preferred. The radiation
source also determines the collection times, and hence, the applied charge/discharge (current) rates used.
A recent series of studies of the NaxV2O2y(PO4)2F3¢y system by
using SXRPD highlight how sodium atomic parameters can be
tracked in a time-resolved manner.[79] Researchers investigated
two compositions with an overall vanadium oxidation state of
about 3.8 + and 4 + , and found that the reaction mechanism
evolution was distinctly different in each of these, even
though the same redox couple (V4 + to V5 + ) was involved in
the charge/discharge or sodium extraction/insertion processes.
Figure 19 shows the subtle differences in reaction mechanism
evolution during charging with an additional phase present in
the V4 + system, as identified by the additional reflection(s) in
ChemSusChem 2015, 8, 2826 – 2853
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the collated in situ data. Using these data, researchers were
able to model the sodium site occupancies at two sodium
sites in the P42/mmm structural model during the solid–solution reaction mechanism regimes. The role each site played
and their interplay, depending on the electrochemical conditions (e.g., during a potentiostatic step), and battery history illustrated how the electrode functioned at an atomic level.
Figure 20 shows the sodium site evolution as a function of
charge and discharge in the NaxV2O2y(PO4)2F3¢y (y = 0.8) electrode. The Na2 site appears to be “active” and decreases in Na
content after the first two-phase region, whereas the Na1 site
remains virtually unchanged in this period. Additionally, during
the latter parts of discharge prior to the two-phase region the
same behavior is noted with the Na2 site being the most
“active” in sodium content changes. Therefore, sodium evolution can be clearly related to the electrochemical curves.
This in situ experiment of the NaxV2O2y(PO4)2F3¢y (y = 0.8)
electrode highlights the need for time-resolved in situ experimentation because all ex situ evidence prior to this experiment
suggested a wholly solid–solution mechanism for the charge/
discharge behavior of this electrode.[80] A relatively straightfor-
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Figure 19. Contour plots of SXPRD data of the V 3.8 + and V4 + electrodes in the NaxV2O2y(PO4)2F3¢y family with the two-phase regions highlighted during the
charge/discharge processes in the V 3.8 + sample and the potential profile. The presence of an additional phase in the V4 + electrode during the two-phase reaction is indicated.[79] Reprinted with permission from Ref. [79]. Copyright 2014 American Chemical Society and reproduced with permission from The Royal
Society of Chemistry.

the electrode for the ex situ studies; this further highlights the
importance of in situ experiments.
The importance of detailed structural definition in in situ
battery experimentation was demonstrated by using SXRPD to
investigate the Fe[Fe(CN)6]1¢x·y H2O and Fe[Co(CN)6] electrode
materials. Researchers found that two models were appropriate to describe the collected data; these were subtly different
with one accounting for the presence of vacancies, often
found in these structures,[81] whereas the other did not.
Figure 21 shows how the lattice parameters, and hence,

Figure 20. The evolution of the Na site occupancy at two Na sites (red and
black) and the total Na content (blue) in the NaxV2O2y(PO4)2F3¢y model, as determined by Rietveld analysis of the structural model by using in situ SXRPD
data. Shaded regions are two-phase reactions and the potential profile is
also shown.[79a] Reproduced with permission from The Royal Society of
Chemistry.

ward coin-cell experiment at a synchrotron source and a relatively fast charge/discharge rate illustrated that the reaction
evolution was more complicated than a simple solid–solution
mechanism, but also that the phases present were distorted
structurally, adopting the same structural motif (e.g., space
group). Additionally, the ex situ SXRPD data collected for the
electrode after extraction from the coin cell indicated a higher
than expected Na content of 2.26(6),[80] whereas in situ data at
the same point in charge indicted a Na content of 1.15(13)[79a]
at the first cycle. Notably, the expected Na content based on
the amount of charge transferred through the electrode (electrochemistry) was closer to the in situ results, which suggested
some equilibration processes occurred during the extraction of
ChemSusChem 2015, 8, 2826 – 2853
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Figure 21. The Na site occupancy and lattice evolution of a Fe[Fe(CN)6]1¢x·y H2O electrode during electrochemical cell function. Two models
are used to describe the structure, one containing vacancies and the other
free of vacancies; the volume in both models follows the same trend (blue
symbols), but the Na site occupancies are different, especially in the charged
(Na extracted) state (red and black symbols).[82] Reproduced with permission
from The Royal Society of Chemistry.

volume, follow the same process during the in situ electrochemical steps, whereas subtle differences are noted in the
sodium content of the electrode.[82] This demonstrates that
subtle differences in the structural model can distort the obtained atomic parameters and that models must be appropriately selected and refined with chemical and physical plausibil-

2845

Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reviews
ity in mind. Interestingly, this study also showed that this electrode appeared to take up sodium from the electrolyte during
cell construction and storage, transforming the sodium-free
electrode, an anode, to a sodium-containing cathode ready for
battery operation.
Therefore, in situ studies of electrodes in ambient-temperature sodium-ion batteries are advancing this relatively young
research field. The number of X-ray instruments available relative to neutron-based instruments means that there is likely to
be an ever-increasing number of in situ diffraction-based studies. The need for these in situ diffraction studies is compounded by the fact that the structural changes associated with
sodium insertion/extraction during charge/discharge are significantly larger and often more adverse than the respective insertion/extraction reactions with lithium.

6.5. Future batteries
The next generation of lithium-ion batteries with high capacity
are essential for future technology and the electric vehicle
market. However, other alternatives have been found, including lithium–air technology, lithium–sulfur batteries, and the
sodium-ion batteries discussed in Section 6.4.
Lithium–air technology has been exploited for batteries by
reacting lithium with oxygen directly from the air. The reaction
is 2 Li + O2QLi2O2 and can achieve a very high capacity of
1200 mA h g¢1, which is significantly higher than that of conventional insertion cathodes. Although the lithium–air system
can offer high energy density, the power density is relatively
low. To address this problem, cathode materials with large surface areas are key to lithium–air systems because the reactions
occur at the surfaces of the cathode during the charging/discharging process.[83] However, the practical development of
a lithium–air battery is prevented by difficulties in mastering
lithium metal and oxygen electrodes in an efficient, rechargeable, and safe battery configuration.[84]
Another promising candidate for a high-energy system is
the lithium–sulfur battery. Sulfur as an electrode host has the
highest theoretical capacity of 1672 mA h g¢1, which is more
than 10 times that of the commercially used transition-metal
oxides and phosphates.[85] The lithium–sulfur battery is based
on the electrochemical redox reaction: 16 Li + S8Q8 Li2S. Although sulfur cathode materials feature advantages such as
low cost, long cycle-life, and an intrinsic protection mechanism
from overcharging,[86] the poor electrical conductivity and high
solubility of polysulfides (Li2Sx) formed during charging/discharging in liquid organic electrolytes limit its utilization as
a cathode material. Several strategies are used to solve these
problems, including embedding sulfur into a conductive
matrix to increase the electrical conductivity and using polymer or ionic-liquid-based electrolytes to address the solubility
issue.[87] The evolution of these batteries has been pushed to
meet the demands of the automotive industry; however, so
far, only modest changes, involving one or at most two battery
components, have been commercially proposed, always maintaining an overall chemistry based on insertion processes.
ChemSusChem 2015, 8, 2826 – 2853
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Enabling technologies beyond lithium-ion and other commonly used batteries will lead to a significant cost reduction
and an increase in the electrochemical performance, resulting
in an expansion in applications. Below we provide some examples of preliminary work undertaken with in situ and diffraction-based experiments on future battery systems.
Lithium–air or lithium–oxygen batteries, as described above,
are one of the most extensively studied metal–air systems.
Major questions remain, such as what species are deposited
on the air electrode and are the oxidized (discharge) products
soluble/insoluble in different solvents, how can the metallic
electrode (Li) be protected from air and oxidation on the electrode surface, how can the electrochemical performance be
improved, how is the best combination of electrolytes chosen,
and how can the oxygen reduction reaction be investigated?
In situ NPD may play a leading role in the development of
these battery systems, by following and identifying the longrange ordered phases during discharging/charging.
Before describing a design for an electrochemical cell for
in situ NPD studies, first surface area is considered, noting that
the desired products are often formed on the surface of the
electrodes. A simple experiment was designed by using conventional vanadium cans (such as those used in NPD studies)
filled with deuterated electrolytes, a magnesium electrode, and
an air electrode (metal–air battery; see Figure 22). The inten-

Figure 22. A simple design of a magnesium–air battery for use in an NPD
experiment.

tion was to study the salts produced during the electrochemical reaction at the surface of magnesium during discharging.
The use of a magnesium rod produced virtually no signal in
diffraction data from the salts; only magnesium was observed.
The use of a magnesium ribbon electrode increases the surface
area upon which the salts can form, and hence, the amount of
salt formed, resulting in the detection of the salt, albeit in
small quantities, as shown in Figure 23. A MgCl2 and D2O electrolyte is used and the phases identified in Figure 23 are
Mg(OD)2 and Mg. The preferred orientation here is significant
and has to be accounted for in the model. Therefore, a significant quantity of the products in these metal–air type batteries
needs to form to detect them by using NPD.
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tion of X-rays with matter. Here smaller coin cells or electrolyte-rich cells can be designed and implemented. To the best
of our knowledge, only one in situ XRPD study has probed lithium–air batteries,[88] in which the researchers investigated the
evolution of the b-MnO2/Pd air electrode during battery operation by using a commercially available in situ XRPD cell. They
illustrated the formation of Li2O2 and Li2O based on a limited
number of very weak reflections in both ex situ and in situ
data.[88] The analysis was qualitative and other factors (changes
in b-MnO2, for example) were not conclusively ruled out. Further work is required to verify phase evolution at the air electrode. Work has also begun to explore the evolution of solid
electrolytes, such as Li6PS5Br,[89] by using in situ XRPD during
lithium–air battery operation to verify their inactivity (or structural robustness) during cycling. In such cases, no structural
changes are a great result. In lithium–air or lithium–oxygen
battery studies with in situ XRPD the key concern becomes the
ability to detect and reasonably analyze lithium and lithiumFigure 23. Preliminary Rietveld refined fit of the Mg(OD)2 and Mg structural
containing compounds, especially if decomposition or reversimodels to NPD data of the cell shown in Figure 22 after discharge.
ble products formed are not crystalline.
Another type of battery in the
research
and
development
phase is the all-solid-state battery, in which the typically used
electrolyte solution is replaced
by a solid electrolyte that features high ionic conductivity. Although more complicated in
construction, due to the need to
mix the cathode with the solid
electrolyte and the need to consider interface effects, the safety,
temperature, and leakage issues
found in conventional liquidcontaining batteries are essentially overcome. These batteries
Figure 24. Lithium–air cell designs for in situ NPD studies. The top view of one cell is shown along with the side
view of the concentric design.
are fairly ideal for in situ NPD
studies. This is because they feaWorking with this knowledge, a lithium–air electrochemical
ture no electrolytes that need to be deuterated and no liquid
cell for NPD studies was designed (Figure 24). The first iteration
components to give unwanted background/signal contribuof the cell essentially consisted of lithium metal, a glass-fibertions in the collected patterns. Moreover, the components of
the battery tend to be crystalline or glass ceramics. A simple
based separator containing electrolyte, and an air electrode on
nickel mesh all wrapped around a hollow aluminum cylinder.
all-solid-state battery design is shown in Figure 25, in which
a clamp is used to apply pressure to pellets of the anode, solid
Appropriate hose clamps were used on the outside of the
mesh to secure the construction and to provide an electrical
electrolyte, and mixture of solid electrolyte and cathode.
contact. The lithium metal is sealed with wax or epoxy at the
Kapton tape is used to seal the cell from air prior to removal
from the glove box. The neutron beam is adjusted to only
base and top of the construction to avoid direct air/O2 contact
with the metal. This is similar to the construction shown in
expose the cell components, as shown in Figure 25. The simple
design shown in Figure 25 may provide sufficient detail on the
Figure 24; however, to increase surface area for reactions to
take place and to observe the products, the second iteration
components of interest, but the issue with these batteries is
of the design featured multiple concentric cells, each with
the charge/discharge time. This is because solid-state batteries
constructed in this manner require relatively slow charge/disslightly larger diameter. Each cell is connected in series
(Figure 24). The iterative improvement of cell design is critical
charge rates to avoid polarization and to ensure that the entire
pellet is utilized. Therefore, this requires a significant amount
to the progress of such experiments towards success and generally multiple experiments are required in this process.
of diffractometer time to conduct a single in situ experiment.
The advantage in situ XRPD has for examining lithium–air
A compromise needs to be reached between charge/discharge
batteries is the generally larger flux and greater overall interacrates, the thickness of the pellets used, and the quality of the
ChemSusChem 2015, 8, 2826 – 2853
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charging/discharging;[90] and 7) the existence of intermediate
phases.[5a]
To determine these and other electrochemical–structural relationships, optimized electrochemical cells need to be constructed that are both representative of the electrochemical
performance observed in the laboratory or commercial use
and also provide a diffraction signal sufficient for structural
and phase-evolution questions to be addressed.
7.2. Structural changes during cycling and electrochemical
performance

Figure 25. A schematic illustration of a simple all-solid-state battery that can
be used for in situ NPD experiments.

diffraction data. This issue may be addressed by using thin-film
or thin-pellet solid-state batteries potentially with XRPD. Here,
the electrode or electrolyte can be probed and the charge/discharge rates can be dramatically improved. The long path
lengths and sample geometry mean that careful calculations of
the beam attenuation through the cell need to be undertaken.
Further care needs to be taken to consider the preferred orientation of certain components, for example, if the cathode is
aligned in a particular direction from the film growth procedure.
The advantage gained by using XRPD with solid-state batteries is not as significant as that of NPD. The key point here is
that the liquid electrolyte is transparent to X-rays and troublesome with neutrons. Solid-state batteries may complicate X-ray
studies because significant attenuation and orientation effects
become more important. Thus, there is a need to choose an
appropriate type of cell and radiation for the scientific question being asked.

7. Summary and Perspectives
7.1. What can one determine?
The examples presented above show the level of detail that
can be obtained from operando studies. This includes 1) reaction mechanism evolution and how one type of reaction
evolves into another, for example, in LiFePO4 the interface between solid–solution and two-phase reactions;[28] 2) the crystallographic distribution of the charge carrier during electrochemical charge/discharge processes;[38, 41, 42] 3) the influence of electrochemical conditions, such as voltage limits and applied current, on the electrode structure and evolution;[5c, 13, 38] 4) differences between operando and ex situ measurements;[79a, 80]
5) kinetics of structural evolution;[5c, 38] 6) functionality of composite electrodes, in which each component varies during
ChemSusChem 2015, 8, 2826 – 2853
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Herein, using a few brief examples in which multiple studies
have been undertaken, we highlight some key findings that
in situ structural–electrochemical data have provided.
First, considering LiFePO4, as shown in Section 6.3, depending on factors such as particle size,[91] the electrode can show
solely single-[92] or two-phase delithiation[6] or a combination of
both.[93] The reaction mechanisms were probed by in situ XRPD
experiments to detail these pathways and show the combined
single- and two-phase reactions. For example, 40 nm LiFePO4
undergoes a solely single-phase reaction during (de)lithiation
at a rate of C/40. The single-phase signature was the continuous shifting of the 2q value of the LiFePO4 reflections.[92]
Recent work to explore the high current rate behavior of
LiFePO4 at micron and smaller particle sizes showed the existence of an additional phase.[94] In smaller particles, the transition to the metastable phase was shown to be single
phase.[94c] In these cases, the ability to collect fast data during
rapid charge/discharge of the battery was essential. One study
found an extra peak characteristic of a metastable phase,[94a]
which was related to an approximate phase composition of
Li0.6–0.75FePO4. The cell was cycled under non-equilibrium conditions (fast), and thus, the phase was only observed under such
conditions. However, in observing this phase, the interpretation of the electrochemical reaction of LiFePO4 had to be altered to take into account the rate dependence on reaction
evolution. Systematically, a subsequent study illustrated the relationship between current rate and the formation of this
metastable phase (single or two phase) by using in situ synchrotron XRD experiments.[94c] Therefore, time-dependent XRD
data at high current rates showed details on the non-equilibrium evolution of the electrode materials to allow the identification of new metastable phases and reaction pathways at elevated rates.
A logical subsequent example is NaFePO4, which adopts the
same olivine structure as that of LiFePO4 and can be synthesized by either chemical ion exchange or electrochemical
methods from LiFePO4. In situ XRPD was used to determine
the reaction evolution; however, NaFePO4 showed two distinct,
plateau-like features in its charge/discharge curve compared
with only one flat plateau in LiFePO4. This indicates the presence of an intermediate phase and researchers found that the
composition was Na2/3FePO4. The electrochemically isolated
and characterized Na2/3FePO4 structure was more complex
(modulated) than that of the simpler parent olivine.[76, 95] Notably, researchers also predicted similar phases for related oli-
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vine-type electrodes during charging/discharging.[95a] A major
structural difference appeared during charging and discharging: on charging there was a sequence of two two-phase reactions, whereas on discharging three phases appeared simultaneously in the ex situ XRPD data.[96] The coexistence of three
phases, NaFePO4, Na2/3FePO4, and FePO4, was explained by the
difference in the volume of the three phases: the intermediate
phase of Na2/3FePO4 helped to alleviate structural stress associated with the FePO4 to NaFePO4 transition.[78p] The asymmetry
in phase evolution was related to the observed differences in
the electrochemical curves.[97]
Further in situ work showed that the combination of phase
transitions on charging were solid–solution between NaFePO4
to Na2/3FePO4, which corresponded to a sloping potential plateau in the charge curve and two-phase transition between
Na2/3FePO4 and FePO4.[78p] Moreover, in situ XRPD data showed
how thermodynamics and current rate played a role in the
evolution of the reaction mechanism during charging/discharging. There was not an abrupt Na2/3FePO4 to NaxFePO4 (in
which x was small) transition, rather what was observed was
a continuous solid–solution reaction of Na2/3FePO4 and
NaxFePO4 during the two-phase transition. Importantly, if the
current was removed, the phases relaxed back to the
Na2/3FePO4 and approximately FePO4 composition.[78p, 97] Thus,
the solid–solution-type behavior appeared to be current rate
dependent.[97] NaxFePO4 electrodes appeared to show a current-dependent, thermodynamic/kinetic structural evolution
during charging/discharging, which could be elucidated by
in situ studies.
To give an example of how chemical composition of the
electrode alters both the electrochemical response, and hence,
structural evolution, we consider layered structures of the general formula LiMO2, in which M can be Co, Ni, and combinations of Co, Ni, Mn, Al, and so forth. LiCoO2 is an example of
these layered structures in which the stacking axis (c) of the
layered structure is shown to expand during charging and contract during discharging.[5a, c, 30, 40] This behavior was determined
by in situ NPD data at three different current rates ( 2, 7, and
43 h for a charge and discharge cycle) on two different types
of commercial batteries (pouch and cylindrical cells).[5a,c] Lithium removal upon charging resulted in the repulsion of the
negatively charged CoO6 layers to expand the c axis. Related
work also showed that the c lattice parameter expanded
during charging and then began to stabilize at higher voltages
(e.g., > 4 V).[27] Additionally, recent work on commercial electrodes containing combinations of M = NMC and with M = Ni, Co,
and Al, showed interesting stacking axis behavior near the
charged state.[45] The LiNi1/3Co1/3Mn1/3O2 (Panasonic CGR) cathodes showed an expansion of the c stacking axis that equilibrated near the charged state (and during the constant potential
step often applied at 4.2 V), whereas the Li(Ni,Co,Al)O2 (Panasonic NCR) cathode showed an expansion of the c stacking
axis until the charged state and then proceeded to
contract during the constant potential step. During discharging the LiNi1/3Co1/3Mn1/3O2 cathode contracted, whereas the
Li(Ni,Co,Al)O2 cathode initially expanded and then contracted.[45] Typically, the Li(Ni,Co,Al)O2 batteries were designed for
ChemSusChem 2015, 8, 2826 – 2853

www.chemsuschem.org

high capacities with relatively low current applications, whereas the LiNi1/3Co1/3Mn1/3O2 batteries were designed for high rate
charging/discharging with a lower capacity. Another in situ
NPD study compared the structural evolution of LiNi0.5Co0.2Mn0.3O2 and LiCoO2 during charging and contrasted
their lattice parameter evolution. In this work, they observed
a decrease in the c lattice parameter of LiNi0.5Co0.2Mn0.3O2 near
the charged state, which was directly attributed to the loss of
cation mixing, that is, the partial occupation of Li on the Ni
sites and vice versa, which was found at lower states of
charge. This loss of cation mixing directly influenced the stacking axis (structural evolution) near the charged state of the
battery. Such a range of studies illustrate that varying the
chemical composition of the electrode not only influences the
electrochemical performance of the electrode, but also the
structural evolution of the layered phases, especially close to
the charged state.
These layered cathodes have been studied by using in situ
XRPD for which compositional variation with performance and
structural characteristics can be correlated. An example is the
work on lithium-excess Li(Li0.2Co0.1Mn0.55Ni0.15)O2, which shows
the expansion and contraction of the c lattice parameter
during charging and discharging, with a reduction in the rate
of expansion near the charged state.[98] However, during a constant voltage step at 4.5 V, the stacking axis was shown to significantly contract from 14.421(2) to 14.371(3) æ after 40 h at
4.5 V, and this contracted lattice parameter corresponded to
the equivalent found at 4.2 V. This behavior was considered to
be related to the structural stability of the delithiated electrode
at the charged state.
A recent study summarized the relationship between the
a(b) and c lattice parameters and volume of a number of layered materials.[99] The authors suggested the concept of
“normal” and “abnormal” layered materials during lithium insertion/extraction. The normal materials (e.g., M = Mn, Co, and Ni
in LiMO2) showed a stacking axis expansion for the majority of
charge (and contraction of the a(b) axes) until near the charged
state, after which they could collapse. The abnormal case, exemplified by Li2MoO3, showed an expansion of the a(b) axes
and relatively smaller changes in the c stacking axis (by in situ
XRPD data). By using this information, the relationship between
the type of transition metal, M; the change in the M¢O bond
length during oxidation (e.g., M2 + to M3 + ); and the influence
of the M¢M bond length was proposed to characterize how
the lattice parameters would evolve. Essentially, these competing factors would determine how the crystal structure would
evolve, and hence, the electrode stability during cycling (e.g.,
the stability of the stacking axis after 100 or 1000 s of cycles). It
is these relationships that can be determined from a sequence
of compositional, electrochemical, and (in situ) structural data.
7.3. Mixing worlds: Getting the electrochemistry as close as
possible to the real thing, while collecting high-quality
structural data
Bridging the gap between structural changes in the electrode
and the electrochemical performance of the battery is chal-

2849

Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reviews
lenging. In particular, with in situ NPD, researchers are often
faced with a choice of whether battery performance should be
optimized during NPD data collection or whether the quality
of the NPD signal should be optimized. The optimization of
NPD signal is often at the cost of battery performance and vice
versa. However, recent stacked pouch cells and titanium–zirconium-based cells replicate the optimized electrochemistry fairly
well.[31, 35, 42] On the other hand, the synchrotron XRPD-based
coin, Swagelok, and few-layered pouch cells relatively easily
replicate optimized battery performance. This is because on
a comparative scale only minor modifications of the researchtype cells need to be made to undertake in situ XRPD experiments, especially at synchrotron sources.
What causes the discrepancies between in situ XRPD and
NPD cells and their electrochemical performance? Essentially,
for in situ XRPD experiments (especially at synchrotron sources), small holes need to be drilled into any stainless-steel
components to allow penetration (and diffraction) of the X-ray
beam. These holes can simply be covered with Kapton tape or
beryllium windows. Such modifications are possible due to the
virtually transparent nature of X-rays to the typical light elements that make up plastic, adhesive, and beryllium. The biggest contribution these components may have is an increase
in background at low angles. The major aspect that can result
in the differing performance of the in situ and conventional
cells is the pressure applied in the region of the window, e.g.,
a slightly lower pressure may result in marginally different electrochemical performance. The other drawback is that Swagelok, few-layered pouch and coin cells are not often used in
commercial applications but they are used in research laboratories. To place a large commercial battery, such as an 18650,
on a XRPD beam, a high-energy synchrotron X-ray source is required.
Why is in situ NPD so much more complicated? First, due to
the lower intensity of neutrons impinging on the sample and
lower probability of interaction (cross section), significantly
more sample needs to be placed in the neutron beam.
A larger sample means larger cells and typically research laboratories are unable to produce large cells, especially if the electrodes of interest are only synthesized on a gram scale. If neutrons were transparent to low-atomic-weight elements, particularly hydrogen, scaling up the cells would not be such an
issue. However, hydrogen in cells results in a large background,
reducing the signal to noise ratio. Additionally, all low-atomicweight components (e.g., carbon-based binders) add to either
the amorphous broad features or crystalline reflections. Therefore, scaling up the cell implies a similar increase in active material and other components that make up a battery. To improve the signal to noise ratio, the other components in a battery can be substituted with components that have less hydrogen (e.g., replacing hydrogen with deuterium) or coming up
with designs that remove hydrogen or other components altogether. However, simply by replacing one component, say
deuterating the carbonate electrolyte,[100] the electrochemical
performance of the battery is altered. Typically, multiple components need to be substituted or modified to obtain a highquality NPD signal, and therefore, the battery performance
ChemSusChem 2015, 8, 2826 – 2853
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tends to be different to that of an ideal coin-cell-type test, and
often shows limited cycle life or some irreversibility. Researchers are striving towards minimizing this difference or characterizing it in detail with offline cells to better correlate structure
with electrochemical properties.
Two further aspects should be noted with in situ NPD experiments: first, some researchers do use thicker electrodes to
maximize signal from the electrode, while maintaining the
same concentration of other components.[20, 23, 31] However, in
these cases, the current rate applied needs to be fairly slow to
avoid polarization, but fast enough to finish the desired cycling
prior to completion of the beam time. Therefore, the structure–electrochemistry correlation here is with respect to the
slow current rate used. Second, due to the larger penetration
depth afforded by neutrons, full commercial batteries can be
investigated under conditions that represent typical usage.
This is particularly interesting because cells that can be purchased off the shelf can be used and structural evolution with
respect to external conditions measured, for example, the
number of cycles and rate of cycling, can be compared with
multiple electrode chemistries under the same conditions,
such as temperature.[5c, 26, 45] This gives a direct correlation between electrode crystal structure and evolution with battery
cycling conditions.
7.4. In situ versus ex situ
Ex situ measurements require either pristine materials or the
extraction of materials of interest from devices before diffraction-based studies are carried out. The quality of data may be
excellent, but the removal of the material from the battery
raises questions about reactions with the environment, especially if the material is air sensitive, and the true state of the
material. The last factor becomes important because relaxation
phenomena or short circuiting during electrode extraction can
change the state of charge. Researchers often equilibrate the
battery, for example, for a charge at which the charging current is applied, to a certain potential and then the battery is
held potentiostatically at this voltage for extended periods of
time before battery deconstruction, which is often undertaken
immediately. Thus, data acquired by this means provides information on the electrode in an equilibrium state, which is likely
to occur on limited occasions in a functioning battery. A picture of electrode evolution can be built from electrodes extracted from batteries at various states of charge. This demonstrates another variable in ex situ experiments. To obtain multiple states of charge of the electrode, a new battery has to be
made and the electrode extracted. Ideally, variables have to be
minimized on the laboratory scale to ensure comparability of
the ex situ datasets.
In situ or operando techniques provide a picture of electrode evolution and generally components in batteries as they
function. Often a trade-off is made between the resolution and
the quality of data moving from ex situ to in situ experiments.
This is mainly due to the introduction of new components into
the beam because ex situ data contains essentially the material
of interest, whereas in situ data contains the material inside

2850

Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reviews
a functioning electrochemical cell. By using sufficiently long
collection times, in situ data with good statistics can be obtained. Thus, the structure of the material of interest in a functioning cell can be probed and this can be undertaken at various points in the electrochemical cycle or with a certain
amount of charge transferred. If diffraction data collection
times can be reduced while obtaining sufficient quality data,
operando measurements can be attempted. In this case, the
material of interest can be tracked in a time-resolved manner
with respect to electrochemical cell function. Such data can
then be used to obtain kinetic information on the reactions
that occur at the electrodes, in addition to characterization of
the structural response.
The question of which method researchers choose depends
on access to instruments, the scientific question being answered, and expertise in analysis. Typically, ex situ measurements should be performed prior to any in situ work, even if
this is to only characterize the starting electrode material. Ideally, other states of charge will be probed with ex situ techniques. If questions remain, in situ or operando experiments
can then be performed, noting that an operando experiment
can really show what is happening at the electrode relative to
snapshots obtained by using ex situ data. Ex situ experiments
are often needed to justify beam time for operando experiments at major facilities.
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7.5. Next steps
All-solid-state batteries, in which the electrolyte and separator
are fused into one solid-state electrolyte, are a significant advantage for in situ NPD studies, as shown above. Interestingly,
considering ambient-temperature sodium-ion batteries,
sodium-ion conductivity tends to be higher in solid-state compounds relative to lithium-ion conductivity, which may, in the
future, lend itself to all-solid-state sodium-ion batteries. Therefore, all-solid-state lithium- and sodium-ion battery in situ diffraction-based experiments are likely to appear and play
a larger role in understanding the structure and function of
electrodes and electrolytes simultaneously.

8. Final Thought
In situ and operando diffraction-based experiments are the
future of battery development. Why should researchers limit
themselves to solely electrochemical data (or structural data)
when both electrochemical and structural data can be collected simultaneously in a single experiment?
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